ABSTRACT: The Olduvai Basin (3u S), situated just west of the East African Rift System in northern Tanzania, contains a twomillion-year record of paleoclimate and paleoenvironmental change, as well as a rich archive of vertebrate paleontology (including hominins). Milankovitch precession cycles (, 20 kyr) regulate the mean annual precipitation (250-700 mm/yr), and the , 2500 mm/yr evapotranspiration results in a negative hydrologic balance. Despite persistent aridity, extensive deposits of freshwater limestone punctuate the stratigraphic record. Between 2 and 1 Ma, Lake Olduvai occupied the basin, and its sediments are a proxy for climate-driven cycles. Three limestones (1.84, 1.80, and 1.36 Ma in age), which formed within lakemargin floodplains adjacent to the lake, were studied to determine their depositional environment using field relations, sedimentary structures, fossils, petrography, and stable-isotope and major-element geochemistry. The three limestones are similar in that they contain peloidal micrite, siliciclastic detrital grains, and rhizoconcretions. Abundant faunal remains (gastropods, ostracods, Charaphytes, and fish) indicate that ponded water was relatively fresh and alkaline.
INTRODUCTION
The Olduvai Basin is situated in northern Tanzania on the margin of the East African Rift System (EARS) (Fig. 1) . Olduvai Gorge is world famous because of the hominin fossils discovered in the 1950s by Louis and Mary Leakey (Leakey 1959) . The Gorge contains detailed paleontological and archaeological records which are a unique resource for studies of human origins (Leakey 1971; Blumenschine et al. 2003; ). The Pleistocene-age deposits are a 100-meter-thick sequence of volcaniclastics, tuffs, and thin carbonates ( Fig. 2A ) that archive a rich record of plants, vertebrate fossils (including four hominin species), and thousands of stone tools that were used for accessing food (Leakey 1971; Bunn and Kroll 1986) .
The purpose of this research is to (1) determine the depositional environment(s) of limestone formation in an arid-hyperarid setting, (2) determine the relationship between limestone formation and Milankovitch climate cycles, and (3) document the occurrence of fresh-water sources available to early hominins. Understanding how the limestones formed, where they formed in the basin, and when they formed with respect to climate are important to both geological and anthropological communities in that they provide new insights into climate-driven cyclic deposition, and how our ancestors may have been able to take advantage of environments produced during changing climatic conditions. Richard L. Hay developed a geological model for the basin that included a playa lake in a closed depression (Hay 1976; Hay and Kyser FIG. 1.-Regional location map. A) Inset map of Africa, arrow indicates location of study. B) DEM image of the East African Rift System in northern Tanzania. Olduvai Basin was situated between the Ngorongoro Volcanic Highland and the Serengeti Plain. Olduvai Gorge, an incision into the basin sediments, shows faint traces of the eastward draining modern Olduvai River. GeoMapApps.
FIG. 2.-A)
Geologic column. Magnetic-polarity time scale and stratigraphy of Olduvai Gorge. The relative stratigraphic positions of three limestones (#1, #2, and #3) that were analyzed in this study are indicated (modified from Hay 1976) . B) Climate cycles. Diagrammatic depiction of the timing of the precession driven wet-dry climate cycles that impacted lake levels in the basin. The position of Limestone #4 is shown at the bottom of the sequence. The timing of wet-dry periods of Bed I is based on lithologically determined lake cycles (Ashley 2007) and from stable hydrogen-isotope composition from lipid biomarkers (Magill et al. 2012b ) constrained by dated tuffs (Deino 2012) . The timing of wet-dry periods of Bed II is more speculative, but is based on lithologically determined lake cycles indicated by solid line (Ashley 2012 ) and related to a dated tuff (Hay 1976) . Dashed line shows timing of climate cycle based on assumption of the continuation of a longterm pattern.
2001). During the Pleistocene, the Olduvai Basin gradually filled with lava flows, air-fall tuffs, and reworked volcaniclastic sediment from the Ngorongoro Volcanic Highland to the east and fluvial sediments from the Serengeti Plain that lie to the west (Fig. 1) . Stratigraphic nomenclature was established by Mary Leakey (Leakey 1971) , and thus each unit termed ''Bed'' actually represents a relatively thick (meters to tens of meters thick) stratigraphic section containing multiple beds in the geological sense, spanning thousands of years ( Fig. 2A) . Subsequent research has determined that the lake expanded and contracted in response to astronomically driven (precession) climate cycles (Ashley 2007; Magill et al. 2012a) (Figs. 2B, 3) . Olduvai Basin is similar to other rift basins situated near the equator that archive evidence of astronomically driven climate cycles (Olsen 1986; Deino et al. 2006) . Interpreted paleo-precipitation ranges annually from 250 to 700 mm/yr over an , 20,000 year precession cycle, and combined with the estimated evapotranspiration (, 2,000-2,500 mm/yr) indicate a persistently negative hydrologic budget (Magill et al. 2012b ). These conditions exist now, as well as during the last two million years. Rift-related tectonics caused the Olduvai River to incise through the basin sediment package, creating the Olduvai Gorge (Fig. 3) .
The Olduvai stratigraphy is important to our understanding of human biological and behavioral evolution. Paleoenvironmental studies have helped unravel the changes of the landscape using the clastic record in between the tuffs (Ashley and Hay 2002; Ashley 2007b; Barboni et al. 2010) . However, the abundant occurrences of carbonates have received little attention except for specialized studies of calcretes (Hay and Reeder 1978) , carbonate paleosols (Cerling and Hay 1986; Sikes and Ashley 2007) , and diagenetic nodules and cements (Bennett et al. 2012) . Carbonates associated with hominin-bearing archaeological sites (Ashley et al. 2009; Ashley et al. 2010b; Ashley et al. 2010a) are particularly important because they appear to record fresh-water sources in this arid to hyperarid setting.
Early workers in the Gorge assumed that the concentration of archaeological material was linked to paleo-Lake Olduvai (Leakey 1971; Hay 1976 ). However, geochemical and mineralogical studies of the lake sediments reveal that the lake was a saline-alkaline playa and an implausible source of freshwater for animals, including hominins (Hay and Kyser 2001; Hover and Ashley 2003; Deocampo et al. 2009 ). Investigations initiated in 2007 by TOPPP (The Olduvai Paleoanthropology and Paleoecology Project) yielded a number of carbonate deposits between , 1.9 and 1.3 Ma. These deposits, referred to as Middle Bed I, Upper Bed I, and Upper Bed II, had not been studied in detail by previous researchers, even though all have archaeological remains in close physical proximity (Ashley et al. 2010c) .
These carbonate strata occur in three distinct stratigraphic horizons, and their ages are well constrained by 40 Ar dates from associated tuff beds (Fig. 2B) (Deino 2012) Preliminary field work has identified a fourth horizon of carbonate (#4 under Tuff IB within Middle Bed I) (Fig. 2B) . With respect to their occurrence in time and space, all of them are limited in terms of where they occur within the basin and when they FIG. 3.-Section location map. Inset shows the location of the Olduvai Gorge in East Africa. The map is a paleogeographic reconstruction of the Olduvai Basin during Bed I and Bed II time showing interpreted flow paths (arrows) of groundwater from the Ngorongoro Volcanic Highland. Also shown are the outline of various lake levels (dashed lines), the restricted location of the Upper Bed II ponds (hachured), interpreted position of intermittent streams, key faults, and the limestone localities (#1, #2, #3, and #4). Modified from Ashley and Hay (2002). were deposited within the Milankovitch cycle (Fig. 4) . This paper presents new geologic data (field relations, sedimentary structures, fossils, carbonate petrography) and geochemical data (elemental abundance and stable isotopes) obtained from three carbonate deposits and determines their paleoenvironmental and paleoclimatic context. Synthesis of all data elucidates fluid pathways and clarifies the role of nonlacustrine water as sources of potable water for hominins and animals.
BACKGROUND

Basin Geology and Geomorphology
Olduvai Gorge is an incised river system draining eastward toward the Ngorongoro Volcanic Highland, a large volcanic complex composed of a number of volcanoes that have been active for over five million years (Dawson 2008; Mollel et al. 2011; Deino 2012) . The Gorge dissects a sedimentary basin that is situated on the rift margin; the basin is not in the rift system (Fig. 1) . When formed, the Olduvai Basin was roughly circular, , 50 km wide, and shallow (100 m). A lake occupied the basin center from 2 to1 Ma and shrank as infilling progressed (1 to 0 Ma). The basin's well-dated tuffs allow basin-wide correlation of widely separated outcrops and dating of archaeological sites (Blumenschine et al. 2003; McHenry 2005; Deino 2012 ). Rift-related extensional tectonics segmented the Olduvai stratigraphy into blocks separated mainly by normal faults (Hay 1976) . Extensional tectonics and volcanism is part of a regional response to the ongoing development of the EARS (Foster et al. 1997; Dawson 2008; Le Gall et al. 2008) . As documented in other rift-basin localities such as the Mesozoic eastern North American rift-basins (Birney de Wet and Hubert 1989; de Wet et al. 2002) and the Plio-Pleistocene southern Rio Grande Rift, USA (Mack 2000) , bedrock, faults, and magmatic sources influenced groundwater composition and flow patterns at Olduvai (Ashley and Hay 2002; McHenry 2009 ).
Climate and Hydrology
Precipitation in the EARS varies seasonally with location, topography, and, on the long term, astronomically controlled climate cycles (Trauth et al. 2007) (Fig. 4) . Estimates of precipitation in the Gorge vary from 250 mm/yr during drier portions of the precession cycle up to 700 mm/yr during wetter portions (Magill et al. 2012b ). The mean annual temperature (MAT) averages 25uC and, because the site is near the equator, it likely has not varied significantly in the past. The potential evapotranspiration (PET) is four times the precipitation (, 2000-2500 mm/yr), resulting in an annual negative hydrologic budget (Dagg et al. 1970) . Few, if any, perennial rivers can persist with this negative water budget, and most rivers draining into the basin are, and were, likely intermittent and ephemeral (Hay 1976; Ashley and Hay 2002) (Fig. 3) . The modern Ngorongoro Volcanic Highland, over 3000 m high, traps moisture-laden easterly winds blowing from the Arabian Sea and creates a westerly rain shadow. Modern rainfall on Ngorongoro is 1150 mm/yr (Deocampo 2004 ) and was perhaps twice that during precession wet periods. Some rainfall runs off in ephemeral surface streams, but most infiltrates into the porous volcaniclastic deposits of the Highland and moves westward through the subsurface into the Olduvai Basin (Fig. 3) . Today, groundwater exits at the base of the slope, creating a shallow, seasonally variable (lake or wetland) water body called Obalbal. The scenario was likely similar during the Pleistocene, at which time the Ngorongoro Highland was even higher. This is, apparently, a common scenario along the EARS, as noted by Olago et al. (2009) in the Central Kenya Rift, groundwater in the basins is derived from rainfall on the valley's upland flanks. A number of previous studies of paleoclimate and paleoenvironmental reconstructions at Olduvai have recognized former springs and wetlands associated with archaeological sites in Middle Bed I (Ashley et al. 2010b) , Upper Bed I (Ashley et al. 2010a; Ashley et al. 2014) , and Lowermost Bed I (Liutkus and Ashley 2003; Ashley et al. 2009; Deocampo and Tactikos 2010) ; but here we present a unifying conceptual model to explain the reoccurrence of fresh-water carbonates in this volcaniclastics-dominated arid basin.
METHODS
Field
The stratigraphy of each of the three sites was described, logged using scaled drawings, and photographed. Representative samples were collected for analyses and the three site locations documented using global-positioning satellite (GPS) methods. Middle and Upper Bed I carbonate horizons occur stratigraphically near the top of Bed I and are closely associated with mapped faults near the middle of the present gorge (Figs. 2, 3) . The carbonate horizon designated #3 (Upper Bed II) occurs stratigraphically near the top of Bed II and geographically is located southwest of carbonates #1 and #2 (Middle Bed I and Upper Bed I) (Figs. 2, 3 ).
Laboratory
Microscopy.-Hand samples and fifty-eight thin sections (stained with potassium ferricyanide and alizarin red-S (Dickson 1966)) were described. Scanning electron microscopy (SEM) was conducted at Franklin and Marshall College for detailed study of depositional and diagenetic textures.
X-Ray Diffraction (XRD).-Microsamples of carbonate (micrite 6 sparry calcite, aragonite, and/or dolomite) were obtained using a Dremel microdrill at low rpms. Each sample was microdrilled under a magnifying glass to avoid visible clay concentrations or other obvious impurities. Samples were run at Franklin & Marshall College on a PANalytical X'pet Pro PW3040 X-ray diffraction spectrometer using Cu K Alpha radiation, an automated diffraction slit, and an X'Celerator detector, according to standard procedures (scans from 6 to 70u 2 h and a NIST traceable Si metal used to check goniometer accuracy). 
RESULTS
Middle Bed I
Depositional Characteristics.-The undulating surface of the limestone can be traced for at least 35 m in length, forming a broad mound. It is 10 m wide and a maximum of , 0.5 m thick (Fig. 5A) . Distal areas have a patchy distribution of carbonate intercalated with clay. The limestone overlies a clay deposit, and a thin 1-cm-thick clay layer drapes over it, which is in turn blanketed with a 30-cm-thick fine-grained air-fall tuff (Tuff lC) (Fig. 2) . The limestone has a nodular, irregular fabric, and consists of chalky-textured micrite with pockets of clay and root molds. Abundant catfish, Clarius, bones are found in the sediments (Stewart 1994 (Stewart , 1996 .
Petrographic Characteristics.-The limestone consists of Charophyte oogonia (Fig. 6A) , gastropods (Fig. 6B) , and ostracod shell fragments in peloidal, clotted, nonferroan micrite. Angular to subangular volcaniclastic lithic and quartz sand and silt-size grains occur in the micrite. Features that are possible plant stem or root fragments are locally preserved, and rhizoconcretions are abundant.
Diagenetic Characteristics.-The micrite matrix of Middle Bed I exhibits shrinkage fractures and circumgranular cracks. Micrite is locally aggraded to microspar with sparry calcite precipitation around root traces and in cavities. Pyrolusite is associated with rhizoconcretions, and the precipitation of blocky dolomite fills some of the final porosity, although many root molds remain uncemented. Based on crosscutting relations, dolomite is the last precipitated carbonate mineral in the paragenetic sequence. Results of X-ray diffraction indicate that most of the carbonate is calcite, with minor amounts of dolomite and aragonite (Table 1) . Geochemistry.-The ICP results show high concentrations of Mn (, 1000-2400 ppm) with two low-Mn outliers, both from the same sample (Table 2 , Fig. 7A ). Strontium concentrations are variable (, 320-2000 ppm) ( Fig. 7B ) with two high-value outliers from the same sample. Magnesium values are generally low except for two outliers, from the same sample with the high Sr (Fig. 7C) , and iron values have a modest range (, 300-3000 ppm) (Fig. 7B ).
Stable Isotopes.-Samples from the Middle Bed I limestone have a considerable range in both oxygen and carbon isotope ratios (Fig. 8 , Table 2 ). d
18 O values range from 25.27% to 0.08%, with a mean of 23.11%, and d
13
C values range from 24.76% to 2.79% with a mean of 21.22%.
Upper Bed I
Depositional Characteristics.-This carbonate bed averages between 0.2 to 0.5 m thick, can be traced laterally for tens of meters, and locally forms a mound up to 1.4 m thick ( Fig. 5B) (Ashley et al. 2010a; Baluyot 2011; Ashley et al. 2014) . The outcrops are in close proximity to mapped faults. An airfall tuff (Tuff IF) blankets Upper Bed I, facilitating correlation between outcrops, and drapes over it, indicating original topographic mound relief. The Tuff is 1.803 6 0.002 Ma (Deino 2012) and erupted from Olmoti in the Ngorongoro Volcanic Highland (Fig. 3) Stollhofen et al. 2008 ). The carbonate is porous micrite, with chalky textures, and is friable to moderately indurated with calcite spar and patchy secondary dolomite. One sample consists of well-indurated dolomite. The carbonate is light colored (white to tan) calcite, with spongy to nodular fabrics. Root casts, brown to yellow clay patches, and nodular to platy fabrics are common.
Petrographic Characteristics.-Ostracod shells, volcaniclastic rock fragments, and mineral grains occur in bioturbated, peloidal, non-ferroan micrite. Siliciclastic silt-size grains, such as pyroxene, biotite, and plagioclase feldspar, are angular to subangular. Rhizoconcretions and root molds are common (Fig. 9A ).
Diagenetic Characteristics.-Rhizoconcretions and root molds, as well as shrinkage cracks and circumgranular cracks, are commonly associated with pyrolusite-rich rims (Fig. 9A ). Cements include sparry nonferroan calcite and dolomite crystals within pores, dolomite being the last carbonate mineral to precipitate, based on sequential stages of cement generation (Fig. 9B ). Partial fine-grained dolomitization of the micrite matrix occurs in most samples.
Geochemistry.-XRD results indicate calcite as the dominant carbonate mineral with minor dolomite (Table 1) . Elemental analysis of the matrix shows relatively low levels of Sr (279-633 ppm), with five samples containing . 900 ppm Sr (Fig. 7A ), modest levels of Mg (, 2500-48,000 ppm), but a wide range in Fe (Fig. 7B) (Baluyot 2011) . The mean oxygen isotope value is 24.91%, and the mean carbon isotope value is 23.67%.
Upper Bed II
Depositional Characteristics.-The carbonate in this unit is , 1 m thick and can be traced laterally for over a kilometer along the south margin of the Side Gorge (Fig. 3) . The locality is called BK (Leakey 1971 ). An identical bed at the same elevation occurs on the north side of the Side Gorge (called SC). The carbonate occurs above Tuff IID, which is dated to be , 1.2 Ma (Leakey 1971; Hay 1976 ) to 1.34 Ma (Domínguez-Rodrigo et al. 2013) (Fig. 4) . The limestone is underlain at both sites (BK and SC) with a meter-thick bed that fines upward from silt to siliceous silty clay (with root casts) ( Fig. 5C ) and is overlain by green smectitic clay. The carbonate is typically porous but generally well indurated. At the west end of the BK outcrop, the rock is a creamy white micrite, but it gradually changes to brownish nodular chalky carbonate at the eastern end. At the SC site it is composed of brownish friable micrite.
Petrographic Characteristics.-The matrix in Upper Bed II is characterized by peloidal micrite containing ostracod carapaces (Fig. 10A) , rhizoconcretions, and root molds. The siliciclastic component consists of angular volcaniclastic rock fragments, feldspar and quartz sand grains, and silt-size quartz grains. (Dickson 1966) showing quartz-rich silt in micrite matrix, with a Chara oogonium. The oogonium is lined with nonferroan calcite cement (stained pink) and a subsequent stage of nonferroan dolomite cement (clear crystals). B) Stained photomicrograph of a gastropod shell mold within silty micrite.
Diagenetic Characteristics.-Circumgranular cracks and shrinkage fractures, commonly associated with pyrolusite, are abundant (Fig. 10B ). The micrite is moderately to well lithified, often by aggrading neomorphism, and nonferroan calcite, followed by nonferroan dolomite precipitation as later-stage diagenetic cement, authigenically precipitating in open pores. Fine-grained dolomite also patchily replaces micrite in many samples.
Geochemistry.-Calcite is the dominant mineral, but dolomite makes up to 50% of the carbonate in some samples (Table 1 ). The presence of abundant dolomite is confirmed by particularly high Mg 2+ , up to . 120,000 ppm concentrations (Fig. 7C) . Sr 2+ values are also relatively high, up to , 5900 ppm (Fig. 7C) . Bennett et al. (2012) report that carbonates from Upper Bed II contain a strontium-rich dolomite. The Fe 2+ and Mn 2+ are relatively low and tightly clustered with few outliers (Fig. 7A, B) .
O isotopes range from 23.87% to 0.98%, with a mean of 22.49% and d
13
C isotopes have values of 23.67% to 0.39%, with a mean of 21.62% (Fig. 8) (Karis et al. 2012 ). There is no significant variation or trend in the isotope values for Upper Bed II carbonates.
INTERPRETATION AND DISCUSSION
Depositional Processes
The presence of fish bones, Chara, ostracods, and aquatic gastropods indicates that the three carbonate units represent sites of ponded surface water (Peck 1953; Tasch 1973; Monty and Hardie 1976; Brasier 1980) and did not form initially as soil calcrete. Each standing water body was likely shallow and small (tens to hundreds of meters in diameter). Each of the three carbonate horizons share commonalities such as peloidal micrite, faunal remains, burrows, angular siliciclastic detrital grains, and rhizoconcretion development. The micrite matrix indicates that the water was alkaline and supersaturated with respect to calcite. The peloidal character of the micrite is due to bioturbation and fecal-pellet production by an associated infauna (Platt 1989; Ashley et al. 2013) . Abundant stem or root molds indicate the former presence of in situ vegetation (Esteban and Klappa 1983; Purvis and Wright 1991; Liutkus 2009 ). These features indicate that the waters associated with carbonate precipitation were fresh (non-hypersaline) and oxygenated, with minimal siliciclastic input, and abundant paleovegetation.
Based on the presence of aquatic fauna, flora, trace fossils, composition, and geographic extent, we interpret that the carbonate horizons in Middle Bed I, Upper Bed I, and Upper Bed II formed as in small bodies of standing or gently flowing water from springs or seeps, as discussed below. All of the limestones have distinct and localized geographic distributions, making them unlike paleo-Lake Olduvai lithologies, which are dominated by widespread waxy clays (magnesium-rich smectite), silts, and fine-grained sands that occur throughout Olduvai Basin (Hay 1976; Hay and Kyser 2001) .
As noted by others (Tandon and Andrews 2001; Deocampo 2002; Liutkus and Ashley 2003) , freshwater wetlands with associated carbonate deposits may contain a diverse flora and fauna, sustained by alkaline, mineral-enriched groundwater. Carbonate precipitation may be enhanced when CO 2 -rich groundwater enters wetlands as seeps, or is released at faults (Ashley 2001; Ashley and Hay 2002) .
Our geochemical results indicate that the groundwater feeding the carbonate depositional environments contained manganese, iron, strontium, and magnesium as dissolved constituents. In the Central Kenya Rift today, groundwater contains elements derived from volcanic bedrock (Olago et al. 2009 ). These authors describe local fracture systems that create multiple aquifers, with different groundwater recharge and discharge rates (Olago et al. 2009 ). Aquifers occur along weathered contacts between lava flows or fractured volcanic horizons. This plumbing system moves groundwater towards the Kenyan Rift rivers and lakes at variable rates, but maintains Ca, Mg, Na, K, Cl, and F as major ions in the fluid (Olago et al. 2009 ). HCO 3 is the dominant anion, and both groundwater and surface waters are saturated with respect to Fe and Mn oxides and hydroxides are slightly undersaturated with respect to calcite and dolomite. Evaporation and soil-water-rock interactions concentrate ions to reach calcite and dolomite saturation in the modern lake waters, resulting in carbonate precipitation (Olago et al. 2009 ). As in the Kenya Rift, volcaniclastic deposits and igneous rocks underlie, overlie, and occur in the immediate vicinity of the Olduvai limestones, meaning that they were readily available to be physically transported as clasts and mineral grains into carbonate-depositing seeps or springs, as we and others have noted (Hay and Reeder 1978; Hay and Kyser 2001; McHenry 2009; Mollel et al. 2009 ). It also means that volcanic-derived constituent elements were readily available as dissolved ions in the groundwater, and thus influenced limestone composition when the waters reached supersaturation at spring and seep sites. Studies elsewhere have noted that ash weathers readily and constituent ions are easily transported in solution (Quade et al. 1995) . For example, Quade et al. (1995) found 10-20% of calcium in Australian soils is derived from regional volcanic material. Similarly, the presence of abundant dissolved ions, expressed as constituent elements in the Olduvai limestones, suggests that breakdown of regional igneous rocks provided a ready source of ions to the groundwater system. Mollel et al. (2009) report a range of oxides present in the volcanic materials associated with Bed I in Olduvai Gorge, including MnO, FeO, MgO, and CaO. One of the lavas has high MnO values (up to 4.1 wt%) (Mollel et al. 2009 ). McHenry (2009) reports that fluids moving down through the stack of Olduvai Gorge tuffs are enriched in multiple elements derived from breakdown of volcanic material. Thus, it appears that cations such as Mn, Fe, Mg, and Sr were readily available to be transported in the regional groundwater.
All three of the Olduvai limestones in our study contain pyrolusite concentrations in association with rhizoconcretions. This is similar to findings in a study from Lake Turkana in northern Kenya, where Mount and Cohen (1984) concluded that aquatic and nearshore vegetation appeared to concentrate Mn, triggering redox changes in the pore water. Reducing conditions developed as plant tannins were released into the water, lowering pH values. During very early diagenesis, suboxic to anoxic pore waters enable Mn to be converted to its divalent state and thus substitute for Ca in precipitating calcite (Mount and Cohen 1984) . Mn 2+ is particularly abundant in the micrite from Middle Bed I, as noted in our ICP results (Fig. 7A ). Mount and Cohen (1984) describe a hundredfold increase in Mn in marginal lake sediments where plants are abundant, relative to open lake water. Other studies in modern (McCarthy and Ellery 1995) and ancient (Bustillo and Alonso-Zarza 2007) wetlands noted that aquatic vegetation is known to modify water chemistry. We suggest that a similar process of Mn enrichment due to biological concentration occurred in the Olduvai limestones, but particularly within Middle Bed I. Allan Pentecost noted that an association between Mn mineralization and depositional carbonate is known to occur in some springs (Pentecost 2005 to almost 7000 ppm in Upper Bed I micrite (Fig. 7B) indicates that pore waters did become anoxic at some point in time, facilitating iron substitution into the precipitating calcite.
These ions, dissolved in the groundwater, are expressed in the Olduvai limestones in different ways. Middle Bed I and Upper Bed I are enriched in either manganese (Middle Bed I) or iron (Upper Bed I), relative to the carbonate in Upper Bed II (Fig. 7) . Upper Bed II (Fig. 7) , however, is enriched in magnesium and strontium, relative to the other two limestone deposits. We suggest that Middle Bed I and Upper Bed I carbonates formed by a different mechanism than did Upper Bed II, as discussed below. Although the three limestones share many common features, they differ in a number of characteristics, leading to the following specific environmental interpretations.
Depositional Environments
Fault-Related Sites.-Middle Bed I has a mound-shaped form and is associated with the Zinj fracture system, as mapped in the field (Fig. 11A) . The mound and fault system suggest a focused source for the water, likely a spring, flowing into a small pond or wetland, as can be observed in rift basins today (Olago et al. 2009 ). Although fieldwork does not show any faults directly leading to the limestone, mapping reveals numerous faults in the immediate area, and the d 18 O signature of the mound carbonate is quite negative, suggesting local and rapid calcite precipitation without evaporative fractionation (Fig. 8) . In contrast, the d 18 O of the widespread but thin surrounding carbonate deposits in Middle Bed I are much more positive, indicating evaporation-induced change associated with delayed precipitation. Oxygen isotope ratios indicate that some evaporative fractionation may have occurred, as shown with the two samples that have the least negative oxygen isotope ratios (0.08, 0.04%). Many samples have isotopic ratios more positive than the present-day meteoric-water ratio of 26% (VPDB equivalent to 24% VSMOW) (Bowen 2010) . Although the mean for Middle Bed I oxygen isotope values is 23.11%, some samples have values that are enriched in the lighter isotope, and may, therefore, reflect some surface water mixing with groundwater (Ashley and Hay 2002) . The geochemical data indicate that pore waters contained volcanicsourced cations that were incorporated into precipitated calcite and dolomite; therefore, those same pore waters are likely to contain some volcanic-derived oxygen as well. The wide range in oxygen values measured from Middle Bed I carbonates may reflect a number of oxygen sources, with certain sources or processes dominating seasonally or on a longer-term time scale. Carbon isotope ratios also exhibit the widest range, relative to Upper Bed I and Upper Bed II samples (24.76 to 2.79%). This range supports other geochemical evidence for a mix of fluid sources, in this case probably both volcanogenic CO 2 and CO 2 associated with plant respiration (Ashley and Hay 2002) . FIG. 11 .-Depositional models. Diagrammatic reconstructions of the interpreted paleoenvironment of the three limestones. A) Middle Bed I limestone was sourced from groundwater emanating from a fracture (Zinj Fracture), creating a carbonate mound. Carbonate-precipitating wetland surrounded the mound. Vegetation distribution is from Ashley et al. (2010b) . B) Upper Bed I limestone was sourced from groundwater flowing from a fault (FLK North Fault). A carbonate mound was formed by water flowing from the fault. Vegetation distribution is from Barboni et al. (2010) . C) Upper Bed II limestone formed from seepage of groundwater at base of slope. The depositional environment is modelled after Arenas et al. (1997) .
Collectively, the data from Middle Bed I indicate that groundwater, enriched with volcanic-derived cations, debouched from a fault-generated spring source and flowed into a small vegetated wetland. The carbonateprecipitation paludal wetland interpretation is supported by the presence of root casts, Charophyte oogonia, gastropods, and ostracods (Pedley 1990) . Figure 11A is a diagrammatic reconstruction based on this study and a previous study involving an archaeological site and the associated vegetation (Ashley et al. 2010b ). The reconstruction is consistent with PlaPueyo et al., who stated that paleo-wetlands must show evidence that hydrophytes (fossil plants) were present (Pla-Pueyo et al. 2009 ). Stewart (1996) observed that fish inhabit small ponds and wetlands in rift basins during annual wet seasons, but often become stranded as the rains cease and intense seasonal evaporation begins. Leakey (1971) and Stewart (1996) interpreted the abundant fish bones in Middle Bed I as a death assemblage associated with seasonal drying conditions.
Carbon and oxygen stable-isotope signatures indicate a range of conditions for carbonate precipitation, with more negative values produced proximal to the presumed water source, the Zinj fracture, from more rapidly flowing groundwater, whereas the carbonate that precipitated in a more distal location from the Zinj fracture had more time to interact with the atmosphere and experienced higher levels of evaporation. Petrographic evidence from distal-site samples, such as shrinkage cracks, shows that the distal areas experienced a greater degree of pedogenesis associated with early diagenesis than limestones near the Zinj fracture, but in both areas, similar carbonate cements precipitated during shallow burial (secondary calcite and dolomite).
Upper Bed I is also interpreted to have formed from groundwater flowing from a fault, in this case the FLK North fault (Fig. 11B) . The localized, mound-shaped form of the limestone (Fig. 5B) indicates a narrow source of groundwater discharge. Barboni et al.'s (2010) We interpret that Upper Bed I carbonates formed mainly from reducing groundwater as it debouched along fault conduits Pedley et al. 1996; Mack et al. 2000; Kampman et al. 2012) (Fig. 11B) . The normal-fault interpretation in Figure 11B is from Ashley et al. (2010a) and vegetative cover from Barboni et al. (2010) . The fluid had a relatively homogeneous groundwater source as evidenced by the tight cluster of isotope ratios derived from the carbonates. Stable-isotope ratios from Upper Bed I limestones exhibit strong covariation. Talbot (1990) and Bustillo and Alonso-Zarza (2007) suggest that covariation may reflect closed conditions where isotope fractionation is relatively limited in its scope. Based on our results, Upper Bed I limestones formed as localized spring deposits where reducing, CO 2 -rich groundwater was released at the surface. The rapid release of CO 2 lead to carbonate precipitation with tightly clustered isotope ratios reflecting a relatively homogeneous fluid composition (Mack et al. 2000) , compared with the wetland carbonates stratigraphically below and above it (Middle Bed I and Upper Bed II). Covariant trends, such as exhibited by the Upper Bed I carbonates, may reflect closed conditions (Talbot 1990) .
Oxygen isotope values obtained from Upper Bed I limestones are the most negative of the three horizons studied, indicating the least overall evaporation, and also suggestive of slight warming of the pore fluids while in the groundwater and fault system (Mack et al. 2000) . In Spain, a study interpreting similar types of limestone suggests that a tight clustering of d
18 O values may represent a meteoric-water source (Alonso-Zarza et al. 2012) . Upper Bed I Olduvai limestones exhibit a narrow range of oxygen isotope values, suggesting that the water was derived directly from a fault-related phreatic plumbing system sourced by meteoric water. Megafauna-bone evidence from a nearby archaeological site, FLK North, suggests that animals found this water potable (Leakey 1971; Bunn et al. 2010) . Therefore, it is likely that hominids did as well, as supported by evidence of stone tools in the area around the seeps and springs Ashley et al. 2014) .
We interpret that in the Olduvai Basin the carbonates in Middle Bed I and Upper Bed I were the records of discharge sites for groundwater associated with faults (Fig. 11A, B) , similarly to the modern fracture system documented by Olago et al. (2009) in Kenya. The fault-related carbonates acquired additional Mn and Fe if their host waters drew on potentially deeper groundwater sources tapped by the fracture system, relative to shallow groundwater aquifers. Water moving through the deeper fault system likely meant longer travel time from the Ngorongoro Highland recharge area out into the Olduvai Basin, compared to shallow groundwater flow. Longer flow times provide increasing likelihood of water-rock interactions and element mobilization from the volcanics into the porewaters. In the Olduvai system, processes of groundwater degassing, evaporation, and water-rock interactions within the faults, coupled with paleovegetation, likely enhanced carbonate saturation and precipitation near springs. Fine-grained micrite and rhizoconcretions preserved in the stratigraphic succession record the shallow, vegetated wetlands associated groundwater discharge.
Seep-Related Sites.-Two seep-related sites were identified in the basin: Upper Bed II (Limestone #3) is included in this paper; Limestone #4 in Middle Bed I is newly discovered, and analyses will not be discussed here. Field relations indicate that the Upper Bed II limestone formed from groundwater seepage along a 1 km+ interface between the volcaniclastic fluvial plain (to east and south) and the paleo-Olduvai River valley (to the west), as shown in Figure 11C . Abundant rhizoconcretions and root molds occur and indicate significant paleovegetation. In addition, the occurrence of ostracod fossils suggests standing, or gently flowing water, rather than a soil. These occurrences resemble those in Middle Bed I and Upper Bed I fault-related limestones. The occurrence of ostrocodes and peloidal nature of the micrite, indicative of an active infauna, suggest that the water body was oxygenated, and the abundance of rhizoconcretions, indicating rooted vegetation suggests shallow water.
The thin, widespread geographic extent of this unit indicates a different depositional environment, contrasting with the mounded and localized carbonate in Middle Bed I and Upper Bed I. This Upper Bed II unit is closer to the edge of the basin, compared to Middle Bed I and Upper Bed I, which occur towards the basin center. We propose an environmental reconstruction of a distal fluvial plain, similar to examples from the Ebro Basin, Spain (Arenas et al. 1997) Geochemically, this unit is distinct from Middle Bed I and Upper Bed I. It is enriched in Mg and Sr and depleted in Fe and Mn, relative to the fault-related carbonates. Potentially, groundwater moving through unconsolidated alluvium on the Ngorongoro Highland alluvial-fan complex may have traveled relatively rapidly, with less water-rock interaction, reducing concentrations of Mn and Fe in the porewater. Magnesium and strontium values are related to secondary dolomitization; see Diagenesis section below.
The isotope ratios are relatively tightly clustered, with little variability. These differences lead us to interpret Upper Bed II carbonate as having formed at a localized seep (or multiple seeps) along the margin of a small playa lake or pond (Fig. 3) . The groundwater drained from the highlands, as occurs today in Obalbal swamp at the edge of the present-day alluvial fan adjacent to the Ngorongoro Highland (Fig. 3) . During the deposition of Upper Bed II, the Ngorongoro Highland was higher than it is today, potentially driving groundwater farther into the basin due to greater hydraulic head, debouching at the Upper Bed II locality. The isotope data shows a modest (if any) evaporative trend and instead has fairly constant carbon isotopes (22 6 1%). This flat trend may be consistent with vegetation controlled buffering of isotope exchange between organic material and the water and carbonate rather than evaporation control. Modern East African precipitation has a d 18 O of 24.0% VSMOW (Cerling and Quade 1993; Bowen 2010) (Fig. 8) . It was likely the same in the past, but taking effects of mean annual temperature (, 25 uC) into account, calcite precipitated under these conditions will have d 18 O (VPDB) equivalent values of 26%. The mean of 22.49% in Upper Bed II indicates an open system of water flowing through the playa or pond under evaporative conditions such that oxygen isotope ratios reflect fractionation to be more positive than today's rainfall. We interpret this unit to have formed in a shallow, widespread, groundwater-fed wetland at the margin of a large pond (or paleo-Lake Olduvai when it was much reduced in extent) (Figs. 3, 11C ), similar to other continental limestones reported elsewhere (McCarthy and Ellery 1995; Valero Garcés et al. 2008) .
Diagenesis
We separated depositional characteristics from pedogenic features, characterizing pedogenesis as a very early diagenetic process. It is, however, difficult to delineate boundaries between depositional and early diagenetic processes (Freytet and Plaziat 1982; Alonso-Zarza 2003; Alonso-Zarza and Wright 2010) . Armenteros et al. (1995) describe superimposed sedimentary-pedogenic associations from Miocene continental limestones in northern Spain, and another study in Argentina notes that authigenic minerals form very rapidly and may span both depositional and pedogenic regimes (Cabaleri and Benavente 2013) . In the Olduvai limestones, pedogenesis is expressed through circumgranular, shrinkage, and desiccation cracking and nodular calcite cementation (Fig. 10B) . Although pedogenesis may modify isotope ratios (Michel et al. 2013) , each of the Olduvai carbonates studied here retain isotope signatures that differentiate them (Fig. 8) , indicating a minimum amount of resetting through diagenetic soil-related processes.
Diagenesis took a similar pathway in each of the Olduvai carbonate horizons. Initially, pedogenesis produced changes in carbonate textures and growth of calcite cements (vadose and phreatic sparry calcite, micrite to microspar), resulting in a palustrine facies, sensu Freytet and Plaziat, without significant resetting of geochemical or isotope signatures (Freytet and Plaziat 1982) . The sediment was physically modified as the site dried out, resulting in shrinkage cracks associated with subaerial desiccation, and calcite spar precipitation associated with vadose and phreatic meteoric waters (Platt 1989; Tandon and Friend 1989; Bustillo and Alonso-Zarza 2007) . Purvis and Wright (1991) suggest that subhorizontal cemented beds containing rhizoconcretions and molds represent the location of a former water table, and that induration of shallow freshwater sediments may occur without significant burial, as shown in Quaternary wetlands from Spain (Alonso-Zarza et al. 2006) . Middle Bed I, Upper Bed I, and Upper Bed II suggest a similar diagenetic history, where early lithification by calcite spar, derived from meteoric vadose and phreatic water, created subhorizontal cemented horizons without significant burial. Petrographic pedogenic textures in the Olduvai limestones are similar to those reported by AlonsoZarza et al. (2006) and are similarly interpreted as having formed through episodes of wetting and drying, producing circumgranular cracks and mudcracks, with early lithification by vadose and phreatic calcite spar, without significant overburden or burial.
Subsequent burial by sediment from a phase of paleo-Lake Olduvai expansion likely facilitated further meteoric phreatic diagenesis in Middle Bed I, resulting in microspar and additional sparry calcite precipitation. Lake Cycle 1 (expansion and contraction) occurred after the deposition of Middle Bed I limestone and Tuff IC (Ashley 2007; Magill et al. 2012a) (Fig. 2) . Diagenesis continued during burial under additional cycles of paleo-Lake Olduvai expansion, as the lake deposited clays, silts, and sandy sediments over the limestones (Hay and Kyser 2001 Bennett et al.'s (2012) report of high-Sr dolomite in Upper Bed II deposits. They suggest the dolomite formed in association with paleo-Lake Olduvai contraction and evaporative concentration. Hay and Kyser (2001) document dolostone layers within paleo-Lake Olduvai strata and state that the dolomite formed from dilute pore fluids associated with lake expansion. Precession-driven lake fluctuations meant that during wet periods, with lake expansion, lake water covered all of the limestone sites in our study (Ashley and Hay 2002; Magill et al. 2012b) (Fig. 3) . Lake expansion would have allowed saline-lake and alkaline-lake brines to seep down through the limestones (Hay and Kyser 2001; Deocampo et al. 2009; McHenry 2009 ), partially dolomitizing the host micrite and producing dolomite in cavities, particularly when lake evaporation concentrated the descending pore fluids. Hay et al. (1986) and Hay and Kyser (2001) suggest that stable-isotope ratios from dolostone occurrences may reflect a single replacement dolomitizing event whereby Mg-enriched pore fluids altered primary calcific sand-size crystals to dolomite. Hay et al. (1986) note that diagenetic dolomite may retain approximately the same isotope values as the carbonate it is replacing or cementing if the system is closed. Paleo-Lake Olduvai was a closed system. Dolomitization in continental settings, similar to the model proposed in this study, has been documented from a number of studies of sediments exposed to transient groundwater-lake water interactions, for example, in Israel (Hurwitz et al. 2000) , in France (Colson and Cojan 1996) , and in Spain (Bustillo and Alonso-Zarza 2007) . In contrast, Hay et al. (1986) documented dolomitization of carbonate spring deposits during evaporative concentration of lake waters in Pliocene limestones, Amargosa Desert, USA. Groundwater may obtain supersaturation with respect to dolomite, and, therefore, precipitate diagenetic dolomite that might be difficult to distinguish from lake-water-derived dolomite (Khalaf 1990; Spö tl and Wright 1992; Armenteros et al. 1995; Bustillo and AlonsoZarza 2007) , but in the Olduvai limestones the dolomite is secondary and is, therefore, a diagenetic phase related to postdepositional fluid migration.
Depositional Model: a Goldilocks Effect
The presence of freshwater limestone in the persistently arid Olduvai Basin raises some interesting questions. Why were there some time periods when carbonates precipitated, and other times when siliciclastic deposition dominated? Weathering of trachytic volcanic source rocks presumably consistently supplied abundant ions (including Ca +2 ) to the basin, and the basin's internal drainage confined surface and groundwater within a relatively closed system throughout the last two million years. However, at certain times, limestones formed and conditions persisted for long enough to create meter-thick deposits. As observed by others, terrestrial carbonates represent climate periods when conditions are neither too wet nor too dry (Gasse et al. 1987; Gasse 1990; Ford and Pedley 1996; Kazancl et al. 1995) . If conditions are too wet, then large amounts of siliciclastic debris will likely be eroded and transported in large-scale fluvial and lacustrine systems dominated by sands, silts, and clays (Dean and Fouch 1982; Suchecki et al. 1988) . At Olduvai during very wet portions of the precession cycle the lake occupied most of the basin floor (Fig. 4) . On the other hand, if conditions are too dry, there will be a paucity of surface and ground water to transport ions or allow significant accumulation beyond calcrete formation. Limited aquifer recharge, coupled with low ion concentrations, will restrict carbonate formation in any appreciable amount (Dean and Fouch 1982; Gasse 1990 ). It seems that conditions for the development of reasonably thick (0.5-1 m) freshwater limestones in arid to hyperarid setting have to be just right, thus we use the term ''Goldilocks Effect.'' In actual fact, semiarid climate conditions may be optimal for continental carbonate accumulation, as noted from central Namibia (Mees 2002) and in Cretaceous through Holocene limestone settings in Spain (Platt 1989; Ford and Pedley 1996; Alonso-Zarza et al. 2006; Bustillo and Alonso-Zarza 2007; Alonso-Zarza et al. 2012 ) Deepwater lakes indicate an overall positive water balance, but shallow lacustrine-palustrine facies imply a transitional state, where positive to negative water balances fluctuate across a narrow gradient and change readily from one state to another (Katz 1990; Ashley et al. 2013) .
The Olduvai limestones occur in two distinct geographic contexts: basin-margin settings, where groundwater seeps out at base of slope, and fault-related settings, where faults act as conduits for groundwater. However, superimposed on these geographic setting is climate, which due to astronomic forcing is continuously changing on a time scale of , 20,000 years (Figs. 3, 4 ). Olduvai's hydrologic budget fluctuated during the precession cycle, as rainfall (P) increased and decreased, and potential evapotranspiration (PET) fluctuated, but was of lower amplitude, and out of phase with the precipitation (Fig. 12) . Increased cloud cover, decreases in temperature, and increases in vegetation density will modulate the PET. However, during wet portions of the precession cycle, during lake expansion, lake-margin flat areas would be substantially reduced, covered by the expanding lake, and thus unavailable for palustrine deposition except in a narrow band up against the alluvial fan and the Ngorongoro Highlands to the east.
Because of decades of fine-scale stratigraphic analysis, coupled with precise age determinations on interbedded tuffs, Olduvai Gorge is an excellent place to test our model of the Goldilocks Effect for limestone deposition in arid terrigenous basins (Fig. 12) . Figure 12 depicts the fluctuation of mean annual precipitation over a 20,000 year precession cycle, as modulated by astronomic forcing. The area of lake margin covered by water from paleo-Lake Olduvai is displayed as the lowermost curve. Because paleo-Lake Olduvai was always relatively shallow, it was highly responsive to precipitation fluctuations. In this case, wet and dry periods were more a function of flooding frequency than full vs. empty periods. Wet periods resulted in more frequent flooding, and dry periods reduced flooding frequency. It is, therefore, reasonable to assume that at 50% of the precession cycle the lake basin margin and floor were subaerially exposed, and exposure is required for the development of palustrine limestones. To form nonlacustrine limestones requires both available land surface, not covered in lake water, and a sufficient water supply. The groundwater flow to Limestones #1 and #2 followed direct flow paths to the surface through fracture or fault conduits (Fig. 11A, B) , with aquifer recharge occurring during annual wet seasons. So the ideal conditions for limestone-precipitation sites situated on the basin floor are on the dry end of the wet-to-dry limb of the climate cycle (Figs. 4, 12) . However, Limestone #3 (Upper Bed II) formed under different geographic and climatic conditions. This depositional environment is a basin-margin seep, with no fault involved. The groundwater flow path is from the Mt Lemagurut to the base of slope at the edge of a small lake or large pond (Fig. 3) . Because of the high PET, there was a narrow window of time when the groundwater discharge was sufficient to maintain a carbonate-precipitating wetland before the local water body floods the site. This window of time appears to have been during the rising limb of the climate cycle, but not at its maximum (Fig. 12) . The Upper Bed II limestone is overlain by lake clays, suggesting that the wetland was flooded and buried by a subsequent phase of lake expansion (Ashley 2012; G.M. Ashley, unpublished data) .
CONCLUSIONS
The limestone deposits in the Olduvai Basin are enigmatic, in that low rainfall and high potential evapotranspiration produce a persistent negative hydrologic balance. Previous studies have documented precession-controlled climate cycles during the early history of basin infilling, and the intercalated volcanics are well dated. This established chronology of climate change provides an ideal setting to determine the conditions of formation of the limestones which commonly occur associated with archeological sites including hominin remains. Petrographic analysis coupled with elemental and stable-isotope geochemistry indicates that the limestones were formed by precipitation of calcite from fresh groundwater flowing directly from faults or from seeps, both with associated vegetated wetlands. The carbonates formed periodically when the paleoenvironmental and paleoclimatic conditions were just right, i.e., a Goldilocks Effect. The conditions include a hydrogeologic setting with groundwater flow greater than evaporative loss under prevailing climatic conditions. The limestones formed under two climatic scenarios: wet-todry conditions (#1, Middle Bed I and #2, Upper Bed I) and dry-to-wet conditions (#3, Upper Bed II) and the newly discovered #4, Middle Bed I. The limestones also formed in two different hydrogeologic settings: (1) groundwater discharging from faults (#1, #2) or (2) slope margin seepage (#3, #4). Limestones deposited during drier portions of the precession cycle (falling limb) appear to be limited to groundwater discharge near faults. The groundwater, driven by hydraulic head and protected from evaporation, discharged onto dry lake flats. At maximum precipitation (peak of precession cycle), the area would have been flooded by the lake, inhibiting wetlands (Fig. 12) . Limestones deposited during wetter times of the precession cycle (rising limb) occur in wetlands at the base of the slope. These fringing wetlands maintained by robust groundwater seepage were ultimately flooded out with rising lake level. A generalized model of limestone formation in arid rift basins is proposed using the climatic conditions determined in this study. However, the size, geology (volcaniclastic infill, extension tectonics, and presence of faults), and aridity of the Olduvai Basin are similar to many other continental rift sites around the world; thus the proposed model for freshwater limestone FIG. 12.-The Goldilocks Effect. A generalized model for the formation of freshwater limestone in arid rift basins is proposed. Time represented is 40,000 years (two precession cycles). The bottom curve traces the changing percent area of the lake margin flat that is covered and uncovered by the expanding and contracting lake. The middle curve shows the increase and decrease of mean annual precipitation as modulated by the precession orbital cycle. The top curve tracks the change in potential evapotranspiration that would increase and decrease slightly, out of phase with the wet/dry precession cycle.
forming in association with the rising and falling limbs of Milankovitch climate cycles may be applicable to numerous other locations.
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